Abstract: Seakeeping ability is a measure of how well-suited a floating structure is to conditions when underway. A ship, boat, vessel or any other floating structure which has good seakeeping ability is said to be very seaworthy and is able to operate effectively even in high sea states. This paper presents an investigation of the seakeeping behaviour of a fast ferry multihull, which is a typical trimaran for operations in the mediterranean sea. Numerical results and the measurements at the trimaran agree quite well in frequency and time domain. The movements in trimaran ships are less than the movements of a conventional boat (monohull) equivalent. Assuming linearity, the trimaran's raos (Response Amplitude Operator) depend only on the trimaran's geometry, speed and heading. Although seakeeping theory has been extensively applied for monohulls, such studies have not been accomplished for trimarans. This paper provides important information regarding the seakeeping of trimaran ships and how to be used in numerous scenarios.
Introduction
1 Corresponding author: rodrigo.perez. fernandez@alumnos.upm.es In the famous picture below (Fig. 1) we can see how a small fishing boat is able to survive to big waves, but it is far from being a comfortable condition for the fishermen aboard. These two different ideas, survival and comfort, are critical ideas to have in mind for any floating structure, and of course for any seastead that pretend to colonize the ocean.
Seakeeping directly impacts the design of a ship. Ship motions are considered when determining the principal dimensions of the ship and in developing the general arrangements of the ship's internal spaces. For example, in most vessels the far forward parts of the ship experience the worst ship motions and are commonly unacceptable for berthing passengers or crew. In exceptional cases where ship motions pose a threat to crew, structure or machinery, or when ship motions interfere with the ability of the ship to accomplish its mission, then the design must be modified so that ship motions are reduced.
To illustrate it better in the whole engineering design methodology we present the ship design spiral. The spiral (Evans, 1959; Laverghetta, 1998) describes the process as a sequence of specific design disciplines, both of synthesis (e.g. hull geometry, arrangement) and analysis (e.g. stability, seakeeping) in order to achieve a balanced design that meets the requirements.
The spiral depicts important characteristics of the design like the iterativeness and the progressive elaboration of the design. However, the spiral represents the process in a macroscopic level. Some of those disciplines incorporate hundreds of activities. The seakeeping is a good example of that, as we will see later on.
Fig. 2. Generic Ship Design Spiral
In regards to seakeeping, comparison of different designs or assessment of a single design against specified criteria is dependent on accurate information for three concepts that will be described in next sections. Evaluation of seakeeping performance depends heavily on the environment that the vessels are being subjected to and the criteria which are being used to compare the designs. This is one of the reasons why comparing seakeeping performance is much more complicated than comparing calm water resistance or power requirements to achieve a specific speed. That implies that seakeeping analysis is a much more difficult problem compared with that of calm water resistance, and until fairly recently it has taken a very poor second place in preliminary hydrodynamic design for the majority of vessels (Perez and Lamas, 2011) . This is particularly true in the merchant fleet, the vessel's seakeeping performance being addressed relatively late in the design spiral (Fig. 2) by means of expensive model tests. In fact, a vessel's seakeeping characteristics depend on so many interrelating factors that it is virtually impossible to say what will happen if a specific change is made to the hull form without doing reasonably detailed analysis. This is because the answer depends not only on the hull form but also on the sea environment and the criteria against which the vessel is being assessed (the three main concepts that will be developed). Thankfully, designers now have several seakeeping tools to Fig. 1 . The Great Wave of Kanagawa choose from, which are ideal for preliminary design. With these tools, a large number of design candidates may be easily and quickly compared and the best selected. Seakeeping computer programs are sophisticated enough and computers now powerful enough for a potential design to be analyzed in a matter of minutes; such an assessment could not be achieved in a towing tank.
With appropriate analysis, it is possible to optimize a hull form for specific routes (and the sea conditions that the vessel is likely to encounter on these routes) and the characteristics which are important to the successful completion of the vessel's mission. For instance:
• A cargo vessel might be optimized to reduce added resistance.
• A passenger vessel may be optimized for passenger comfort.
• A naval vessel could be optimized to minimize motion on the helicopter deck.
Each part of the problem, sea environment, vessel response and criteria, is of equal importance; however, perhaps the third is the least well understood and requires careful consideration.
This technical paper clarify the seakeeping calculation in Trimaran ships. In the past, seakeeping tank test were not affordable in most of the projects. There were not softwares prepared expecifically for calculating multihulls seakeeping, so it produces that there are not technical papers showing a trimaran seakeeping calculation.
Problem/Concepts to Understand Seakeeping
The overall performance of ships, vessels and any other offshore structure floating in the ocean depends on the seakeeping performance in specified ocean areas where the vessel is designed to operate. The seakeeping performance procedure is based upon the probability of exceeding specified vessel motions in a sea environment particular to the vessel's mission (the same three ideas explained in previous section, but with other wording).
Given the operational area of the vessel, the percentage of time the vessel operates in a particular sea state can be determined from an oceanographic database through application of the Response Amplitude Operator (RAO). The predicted responses in motions are compared to the motion limiting criteria to obtain the operability indices. However, the operability indices are strongly affected by the chosen limiting criteria.
Therefore, it is required to describe three principal concepts in order to understand the seakeeping performance. Or in another words, seakeeping analysis is essentially a three part problem, as it is further described.
First Problem/Concept: Sea Environment
Estimation of the likely sea environmental conditions to be encountered by the vessel: the ocean conditions under which the vessel is operating. This can be described as sea state, wind speed, geographic region or some combination thereof. The oceanographic databases and wave spectra defines the sea environment.
Second Problem/Concept: Vessel´s Response in Motions
Prediction of the response characteristics of the vessel (Perez and Lamas, 2011) : the response of the vessel in form of motions to the environmental conditions. The responses are a function of:
• The design sea state/environment conditions described above that gives the wave spectrum. In the case of a ferry or any other passenger vessel, and of course of a structure for ocean colonization, the criteria are the habitability limits.
Vessel Motion
Vessel motions are defined by the six degrees of freedom that a ship, boat or any other craft can experience (Couser, 2000; Helasharju et al., 1995) .
Translation:
• Heave is the linear vertical (up/down) motion.
• Sway is the linear lateral (side-to-side) motion.
• Surge is the linear longitudinal (front/back) motion.
Rotation motions: there are three special axes in any ship, called vertical, lateral and longitudinal axes. The movements around them are known as roll, pitch and yaw.
• Roll: is when the vessel rotates about the longitudinal (front/back) axis.
• Pitch: is when the vessel rotates about the transverse (side-to-side) axis.
• Yaw: is when the vessel rotates about the vertical (up-down) axis.
For general ship geometry, this leads to a system of six non-linear equations of motion.
For the relatively common case of a floating structure with port-starboard symmetry, the system of six non-linear equations is reduced to two systems of three linear equations. With this assumption, the motion on the longitudinal plane (surge, heave and pitch) and the motions on the transverse plane (sway, roll and yaw) are decoupled.
Factors Affecting Vessel Responses
A number of factors affect the vessel responses:
1. Size: A larger vessel will generally have lower motions than a smaller one. This is because the relative size of the waves is lower. 2. Dimensions. 3. Form. 4. Weight distribution characteristics. 5. Displacement: A heavier ship will generally have lower motions than a lighter one. Given that the wave energy is the same for each vessel and provides the exciting force, the one with the greater mass will have the lower accelerations. 6. Stability: A stable ship will tend to follow the wave profile closer than a less stable one. This means that a more stable ship will generally have higher accelerations but lower amplitudes of motion. 7. Freeboard: The greater a vessel's freeboard the less likely it is to immerse the deck. Deck immersion is often a seakeeping criterion, as it affects mission capability in a number of ships.
How to Predict Vessel Motion and Response
There are a number of ways of estimating the behaviour of the ship or floating structure when it is subjected to waves: The results of some of these calculations or model tests are the transfer functions called Response Amplitude Operators (RAO). For a floating structure they will need to be calculated for all six motions and for all relative wave headings.
The use of numerical simulation with computing models for predicting a vessel's response is very useful, since it provides a cheap means of assessing a large number of design alternatives early in the design spiral. Once the design has converged to one or two alternatives, these can then be tank tested if a higher degree of certainty is required.
Computing Vessel Motion
Computing the response of a vessel advancing in waves is a non-linear phenomenon which involves the vessel dynamics and hydrodynamic forces. Although a non linear analysis has been presented by different authors, for many applications the order of the nonlinearities is small enough that a linear theory provides accurate results. Experimental theoretical results have shown that linear theory gives accurate results over a wide range of scenarios. As a consequence, the linear theory of ship motion is the most widely used. The computing numerical methods for predicting vessel RAOs can be broken down into two main groups: time domain and frequency domain.
Frequency Domain: Strip Theory
Frequency domain methods are simpler and less computationally intensive. Most of these methods use strip theory. Basically the vessel's motions are treated as forced, damped, low amplitude sinusoidal motions. Strip theory has many simplifying assumptions, yet is fast and able to produce good results for a wide variety of seakeeping problems. The two main limitations are that vessels must be sufficiently slender (high length to beam ratio) and that the Froude number must not be too high. Strip theory involves dividing the vessel into a number of transverse sections. Then the hydrodynamic properties of these sections are computed, assuming 2D in viscid flow, with no interference from upstream sections. From these values, the coefficients in the equations of motion may be found and this, in turn, yields the vessel's response to the waves.
Time Domain
Time domain methods model the wave passing the hull. At small incremental steps in time, the instantaneous net force on the hull is computed by integrating the water pressure and frictional forces on each part of the hull. Using Newton's Second Law, the acceleration on the hull is computed, this is then integrated over the time step to compute the new vessel velocity and position. Although this procedure sounds relatively straightforward, these methods are still under development in universities and other research establishments and are not routinely used by commercial naval architects. The main problems occur in being able to accurately predict the hydrodynamic forces acting on the hull and the fast computers (even by today's standards) required to run the programs.
Difference Between Frequency and Time Domain Methods
The main difference between frequency and time domain methods is that for frequency domain methods, the response for a particular frequency is calculated in one step, whereas time domain methods require many thousands of time steps before a regular periodic response is achieved. Hence time domain methods require several orders of magnitude more computing resource than frequency domain methods.
Strip theory is an excellent tool for preliminary design or where the scale of the project or operation of the vessel does not warrant in depth seakeeping analysis. This is due to its speed and cost effectiveness. Simple seakeeping analysis using inexpensive strip theory methods should become part of the day-to-day design work of all naval architects. Where seakeeping performance is critical, large scale model tests, more sophisticated numerical modelling and correlation with full scale trials data should be used.
Numerical prediction tools for seakeeping
have not yet reached the stage where they can reliably predict absolute motions data with the accuracy of large scale model tests. However, they are very useful for comparative analysis, particularly in initial design where seakeeping performance would perhaps otherwise be virtually ignored due to constraints of time and budget. For developments to be made to numerical and model testing techniques, correlation with the results of full scale trials is essential.
Seakeeping in Multihull Vessels. A Trimaran Study
We have seen that seakeeping analysis is a fundamental part of the design process of a ship. Due to its complexity, seakeeping analysis is usually completed in a late stage of the spiral design process. Although this approach can be successfully used for monohull vessels, it is not optimal in designing more innovated hull forms, due to the high degree of uncertainty of the seakeeping performance of the vessels. The recent interest in multihull vessels poses a problem to the naval architecture world as little is known about such hull forms and a limited number of design tools are available to analyze them. Trimaran hull forms are shown in Fig. 3 .
Fig. 3. Trimaran Hull Forms
Although strip theory has been extensively validated for monohulls, such validation has not been completed for trimarans. If proven accurate and reliable, strip theory could provide important information regarding the seakeeping of trimaran ships and be used in numerous scenarios (Ackers et al., 1997; Begovic et al., 2010) .
When calculating motions at remote locations, the trimaran ship is assumed to rotate about the centre of gravity. Hence the distance of the remote location from the centre of gravity is of interest. We have calculated this distance internally and all positions are measured in the coordinate system described before. We have created a trimaran ship for this paper, which main dimensions/characteristics have been shown in the Table 1 . Visualization of the ship forms used in the study has been shown in Fig. 4 .
The main advantage of the trimaran ship studied, with respect to the seakeeping, is to have a flotation area smaller than the monohull ships equivalent and a moment of inertia longitudinal and longitudinal metacentric height small (Migali et al., 2001; Mizine and Amromin, 1999; Pattison and Zhang, 1994) .
Having an area of reduced buoyancy is a necessary condition but not sufficient to ensure a good seakeeping. Due to the two lateral hulls it is possible to reduce the vertical oscillation, and to increase the righting arm of pitch at high speeds.
A trimaran, as the rest of the vessel, has six degrees of freedom, three linear and three angular. These are: surge, sway, heave (linear motions in x, y, z axes, respectively) and roll, pitch, yaw (angular motions about the x, y, z axes, respectively). For convenience, the degrees of freedom are often given the subscripts 1 to 6; thus heave motion would have a subscript 3 and pitch 5.
In each relative position of the trimaran ship as a rigid solid with respect to the sea, it receives the pressures and impacts that joined with local effects to the forces of acceleration and speed that affect on each point as the same rigid moving parts. It means the masses suffering from aboard the action of the sea and affects to turn on the structure, which also receives the action of the sea.
Roll response is estimated assuming that the trimaran ship behaves as a simple, damped, spring/mass system, and that the added inertia and damping are constant with frequency. In this technical paper, the spectrum used has been ITTC. The ITTC always has a peak enhancement factor of 1.0. It is often useful to define idealised wave spectra which broadly represent the characteristics of real wave energy spectra. The Bretschneider or ITTC two parameter spectrums are defined below (Eqs. (1-3)):
The two parameters are the characteristic wave height, H char , and the average period T. The information about wave characteristics in the Mediterranean Sea has been checked in the reference (Athanassoulis et al., 2004) . By calculation the various spectral moments it may be shown that (Eqs. (4-8)):
Fig. 4.

Visualization of the Ship Forms Used in the Study
Thus, the Bretschneider or ITTC two parameter spectrums are a broad band spectrum and contain all wave frequencies up to infinity. This is why the average period between peaks is zero since there will be infinitesimally small ripples with adjacent peaks. However, in practice the high frequency ripples are neglected and the spectrum will effectively be narrow banded in which case (Eq. (9); Eq. (10)).
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The modal period may be found by differentiating the wave energy spectrum and finding the maximum (slope = 0) (Eq. (11)):
The added resistance calculated is due only to the motion of the trimaran ship in the waves. For this study, the method applied is the Salvesen method. The method developed by Salvesen is purported or claimed to be more accurate for a wider range of hull shapes than those developed by Gerritsma and Beukelman.
Whilst Gerritsma and Beukelman have found their method to be satisfactory for fast cargo ship hull forms, the Salvesen method is valid for multihull vessels. The Salvesen method is based on calculating the second-order longitudinal wave force acting on trimaran ships (Sariöz and Narli, 2005; Saunders, 1957) . Theoretically, this method may also be applied to oblique waves. Head seas approximation: here a simplifying assumption that the trimaran ship is operating in head seas is used, this speeds up the calculations to some degree. This method is exactly valid in head seas and can be applied with reasonable accuracy up to approximately 20º either side of head seas; i.e. 160º < μ < 200º.
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The mean square, m 0, of the spectrum is the area under the spectrum and gives a measure of the total response of the trimaran ship. See Table 2 for the Trimaran analysis results in function of each item, and Table 3 and Table  4 in funtion of each frequency.
The RMS is the square root of the mean square, and for this study, the significant amplitude is twice the RMS value (the significant height, measured peak to trough, is twice the significant amplitude). International Journal for Traffic and Transport Engineering, 2012, 2(3): 221 -235 Irregular ocean waves are typically described in terms of a wave spectrum. This describes a wave energy distribution as a function of wave frequency. The continuous frequency domain representation shows the power density variation of the waves with frequency and is known as the wave amplitude energy density spectrum, or more commonly referred to as the wave energy spectrum.
The Response Amplitude Operator (RAO), also referred to as a transfer function (this is similar to the response curve of an electronic filter), describes how the response of the trimaran ship varies with frequency. These are normally non-dimensionalised with wave height or wave slope. Trimaran heave and pitch RAOs are shown below (Fig. 5 ):
The spectral representations of sea conditions are central to determining the response of the trimaran in the seaway. This Fig. 5 may be seen that the RAOs tend to unity at low frequency, this is where the trimaran simply moves up and down with the wave and acts like a cork. At high frequency, the response tends to zero since the effect of many very short waves cancel out over the length of the trimaran. Typically the trimaran will also have a peak of greater than unity; this occurs close to the trimaran ships natural period. The peak is due to resonance. An RAO value of greater than unity indicates that the trimaran's response is greater than the wave amplitude (or slope).
Conclusions
As it was mention in the introduction, this technical paper clarify the seakeeping calculation in trimaran ships. In the past, seakeeping tank test were not affordable in most of the projects. There were not softwares prepared expecifically for calculating multihulls seakeeping, so it produces that there are not technical papers showing a trimaran seakeeping calculation. This paper has newly given a study of a trimaran seakeeping and also a study of the three principal concepts in order to understand the seakeeping performance: sea environment (estimation of the likely sea environmental conditions to be encountered by the vessel), vessel´s response in motions (prediction of the response characteristics of the vessel and, vessel´s mission and limiting criteria. The assessment of seakeeping performance of a trimaran in a specified sea area is a common The estimated habitability of a fast ferry trimaran in a specified sea area strongly depends on the selected limiting acceleration level. Therefore, particularly in comparative seakeeping analyses, the chosen set of criteria and its parameters must specifically be described in order to provide reliable seakeeping performance information.
Seakeeping analysis is a fundamental part of the design process of a trimaran. Due to its complexity, seakeeping analysis is usually completed in a late stage of the design process. Although this approach can be successfully used for monohull vessels, it is not optimal in designing more innovated hull forms, due to the high degree of uncertainty of the seakeeping performance of this kind of vessels. In future studies we plan to extend the scope investigating also the structural response as well as specific local phenomena related to wave grouping, wave steepness and wave breaking.
